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Gain from cross talk among optical transitions
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We analyze the probe absorption spectra of a strongly drivenL system with arbitrary spacing between the
two lower levels. Under the condition that the spacing between the two lower levels is of the order of a
strong-pump-field Rabi frequency, important interference effects are observed due to same-field coupling with
both the transitions. We report the possibility of a significant gain from thecross talkamong optical transitions,
and a strong dependence of gain and absorption on the relative polarizations of the pump and probe beams. We
present an analysis based on dressed states to explain our numerical results.@S1050-2947~99!01801-6#

PACS number~s!: 42.50.Gy, 42.50.Hz
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I. INTRODUCTION

The very early work of Mollow@1# on a coherently driven
two-level atom demonstrated the possibility of gain witho
inversion in bare states. Mollow’s work led to a variety
experimental@2# and theoretical@3# activity on gain in driven
systems. Various features of gain in driven two-level syste
are now understood@4–6# both in terms of inversion in a
dressed basis or in terms of coherence in the new basi
the last decade the work on gain in driven systems bec
especially important with the work of Harris@7# and Ko-
charovskaya and Khanin@8# on lasing without population
inversion ~LWI !. Harris in particular emphasized how th
interference effects can make the absorption and emis
profiles asymmetric, leading to the possibility of gain wit
out inversion. Many different models for LWI have bee
proposed@9–13#, and several experiments@14–16# were also
performed to test these ideas. Gain can be understood t
arising either from inversion between dressed states or f
coherence between such states. For the model of Ref.@9#,
coherence plays a very important role@17#.

In connection with LWI models, one usually considers t
interaction of a strong coherent drive and a weak probe w
different transitions of a system, i.e., the pump and probe
on different transitions. There are, however, situations w
one has to relax the above assumption. Consider for exam
the hyperfine levels of potassium, the excited level 4P1/2(F
51) and the two ground levels 4S1/2(F52) and 4S1/2(F
51) (L system!, where the ground-level splitting is of th
order of 462 MHz for39K, and 254 MHz for 41K. In such
case a single field can couple with more than one transit
and unlike driven two-level where doublets of dressed lev
appear around bare levels, now multiple dressed levels
pear@18–20#, giving rise to many additional features. Alon
with this, for a probe field scanning such a system, inter
ence effects become inevitable due to the strong coher
between the two closely spaced ground levels. This co
ence is created due to the cross talk among optical tra
tions.

It may be noted that such common coupling of levels i
L system was studied in the context of optical bistabil
@21# and two-photon gain@22#. Xia et al. demonstrated the
possibility of electromagnetically induced transparency@23#
PRA 591050-2947/99/59~1!/740~10!/$15.00
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in the presence of common coupling among hyperfine lev
of 207Pb. In this paper, we present the effects of such co
mon coupling on probe response in a driven system w
closely spaced ground levels, particularly when ground l
els havea separation of the order of driving field Rabi fre
quency.

The organization of this paper is as follows: In Sec. II w
study the absorption and gain spectra of a strongly dri
three-level atom, and show the possibility of significant ga
in such a medium. We include the effect of cross talk amo
optical transitions. In Sec. III we analyze the spectra by id
tifying strong interference effects, which gives rise to mo
pronounced gain when spacing between the two ground
els is of the order of one-half the pump Rabi frequency.
Sec. IV we present the dressed-state analysis to unders
the numerical results. We show the existence of gain featu
due to inversion in dressed states, and transparency at ce
probe frequencies due to weak coupling among dres
states.

II. MODEL SYSTEM

We select aL system with one excited stateu1&, and two
ground levelsu2& and u3& ~see Fig. 1! with arbitrary spacing
V between them. Such a configuration of levels with tw
fields has been well studied by assuming that a given fiel
driving only one transition. This can be achieved either b
selecting levels with large spacingV or by suitable arrange

FIG. 1. Schematic diagram of a three-levelL system with arbi-
trary spacingV between the two ground levels. The pump~cou-
pling strengthsF andG) and probe fields~coupling strengthsg and
f ) act on both the transitions.
740 ©1999 The American Physical Society
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PRA 59 741GAIN FROM CROSS TALK AMONG OPTICAL TRANSITIONS
ment of field polarization. However, in this particular ca
we allow the same field to act on both the transitions, i.e.,
pump field, EW25EW 2e2 iv2t1c.c., which is driving the
u1&↔u2& transition~Rabi frequency, 2G52EW 2•dW 12/\), can
also couple with theu1&↔u3& transition ~Rabi frequency,
2F52EW 2•dW 13/\). Similarly, the weak probe field,EW1

5EW 1e2 iv1t1c.c. applied on theu1&↔u3& transition ~Rabi
frequency, 2g52EW 1•dW 13/\) can also drive theu1&↔u2&
transition~Rabi frequency, 2f 52EW 1•dW 12/\). HeredW i j is the
electric transition dipole moment between statesu i & and u j &.

The Hamiltonian,H for this system in the dipole approx
mation is

H5\W13A111\VA222~dW 12A121dW 13A131H.c.!•~EW 2e2 iv2t

1EW 1e2 iv1t1c.c.!, ~1!

where the zero of energy is defined atu3&, and\W13 is the
energy difference between statesu1& andu3&. Here the fields
are treated classically, andAi j 5u i &^ j u represents the atomi
population operators fori 5 j and transition operators fori
Þ j . The stateuc& of this system is the solution of the Schr¨-
dinger equation

i\
]uc&
]t

5Huc&. ~2!

Under a unitary transformation,uf&5eiv2A11tuc&, the Schro¨-
dinger equation~2! for uf& will have the effective Hamil-
tonianH 852\v2A111eiv2A11tHe2 iv2A11t, given by

H 8/\5~D21V!A111VA222~G1 f e2 iv12t!A12

2~F1ge2 iv12t!A131H.c., ~3!

wherev125v12v2 is the probe-pump detuning. Note th
the the pump detuning for the transitionu1&↔u2&, D2
5W132V2v2 , along with the probe detuning for the tran
sition u1&↔u3&, D15W132v1 , satisfy the relationv12
5D22D11V. We takeG,F!v2 ,v1 , and hence neglec
the rapidly oscillating terms likev11v2 ,2v2 ,2v1 in ~3! by
invoking the rotating-wave approximation~RWA!.

We include the natural decay terms in our analysis, a
hence use the density-matrix formalism. Let 2g2 and 2g1
denote the spontaneous emission rates from stateu1& to the
statesu2& andu3& respectively. The density-matrix equation
will be

ṙ11522~g11g2!r111 i ~F1ge2 iv12t!r31

1 i ~G1 f e2 iv12t!r212 i ~G* 1 f * eiv12t!r12

2 i ~F* 1g* eiv12t!r13,

ṙ2252g2r111 i ~G* 1 f * eiv12t!r122 i ~G1 f e2 iv12t!r21,

ṙ3352g1r111 i ~F* 1g* eiv12t!r132 i ~F1ge2 iv12t!r31,

ṙ1252~g11g21 iD2!r121 i ~F1ge2 iv12t!r32

2 i ~G1 f e2 iv12t!~r112r22!, ~4!
e

d

ṙ1352„g11g21 i ~D21V!…r131 i ~G1 f e2 iv12t!r23

2 i ~F1ge2 iv12t!~r112r33!,

ṙ2352 iVr231 i ~G* 1 f * eiv12t!r132 i ~F1ge2 iv12t!r21.

Note that the density-matrix elements in the original fram
are given byr12e

2 iv2t, r13e
2 iv2t, r23, r11, r22, andr33.

The well-known result for such a model~without the
probe field! is the Raman~Stokes and anti-Stokes! and Ray-
leigh lines observed in the fluorescence spectrum w
F,G,g1 ,g2!uVu. Cohen-Tannoudji and Reynaud@20#
studied a similar situation—the changes in the Raman
Rayleigh lines at pump intensities much above the satura
intensity. They specifically studied the two extreme ca
uVu@F,G@g1 ,g2 and F,G@g1 ,g2@uVu and noted the
mixing of Raman and Rayleigh lines in the latter case. Th
also discussed the probe absorption characteristics in
above limits. Our interest lies in the case whenuVu'F,G
@g1 ,g2 . For hyperfine splittings, like the one in potassium
one can easily have field strengths such thatF,G'uVu.
Other possibilities will include Zeeman levels in the pre
ence of a magnetic field, and linearly polarized electrom
netic fields. The radiative decay terms in Eq.~4! ignores the
effects of spontaneously generated coherence@24# as in most
atomic systems the two transition dipole momentsdW 12 and
dW 13 will be orthogonal. Expanding the solutions of Eqs.~4! in
terms of the harmonics ofv12,

r i j 5(
m

r i j
~m!e2 imv12t, ~5!

the set of equations forr i j
(m) can be solved for the stead

state. Since the probe field is assumed to be weak eno
(F,G@g1 ,g2@ f ,g), a perturbative solution will result only
in the harmonics corresponding tom561 in Eq. ~5!. The
probe field absorptionA per unit volume due to the averag
induced polarizationPW is

A5EW1•
]PW
]t

, ~6!

where the bar denotes the time average. The average p
ization forN atoms per unit volume is

PW 5N$dW 21r12e
2 iv2t1dW 31r13e

2 iv2t1c.c.%. ~7!

Here r i j ’s are the steady-state solutions of Eqs.~4!. The
probe absorption, using Eqs.~5!, ~6!, and~7!, is

A5N\$ iv1@gr31
~21!1 f r21

~21!2g* r13
~11!2 f * r12

~11!#

1 iv2@~gr31
~0!1 f r21

~0!!e2 iv12t2~g* r13
~0!2 f * r12

~0!!eiv12t#%,

~8!

The energy absorption per unit volume is

A5 iN\v1@gr13*
~11!1 f r12*

~11!2g* r13
~11!2 f * r12

~11!#,
~9!
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742 PRA 59SUNISH MENON AND G. S. AGARWAL
where we use the fact thatr i j 5r j i* . The probe absorption
coefficienta per unit length~the ratio ofA and the input
probe intensitycuE1u2/2p) is

a5
a0

g2
@gg1Im~r13

~11!!1 f g1Im~r12
~11!!#, ~10!

where we treat the probe Rabi frequencies as real,a0
54pNv1ud13u2/cg1\, and c is the velocity of light in
vacuum. Note that the absorption now involves bo
Im(r12

(11)) and Im(r13
(11)) because the probe is acting on bo

the transitions.
We take the polarization of both pump and probe fie

along (ê21 ê3)/A2 ~except in Fig. 6! where ê2 and ê3 are
unit vectors alongdW 12 anddW 13 (dW 12'dW 13), respectively. For
simplicity we takeg15g25g and scale the Rabi frequen
cies, detunings, andV by g. Also, for our numerical work
we takeG5F and g5 f . In Fig. 2, the probe absorptio
coefficient is shown in units ofa0 as a function of probe-
pump detuningv12 for V5G. The negative absorption in
the profile corresponds to stimulated emission.The solid
curve in Fig. 2 shows the remarkable result that cross t
between different optical transitions gives rise to gain, p
vided the energy separation between the two ground leve
of the order of one-half the pump Rabi frequency.When
cross talk is not taken into account, as shown in the figu
one observes the usual Autler-Townes@25# components.

The complex linear susceptibilityx (PW 5xEW1) is given by

FIG. 2. Probe absorption coefficienta in dimensionless units a
a function of probe-pump detuningv12 for a drivenL system with
near-degenerate ground levels~solid curve!. The parameters areG
5F510, g5 f 50.1, D250, andV510. For comparison we also
plot ~dashed curve! the usual Autler-Townes components observ
when F5 f 50. For large separation betweenu2& and u3&, V
5500, the gain disappears~dot-dashed! and the standard Autler
Townes splitting emerges. For this case we have shifted theX axis
by -490 units, and theY axis by 0.05 units for clarity and compar
son. These structures otherwise appear atv125V6G. All frequen-
cies are in units ofg15g25g.
s

k
-
is

e,

x5
NudW 13u2

g1\g2
@gg1r13

~11!1 f g1r12
~11!#. ~11!

The dispersion properties of the medium corresponding
the real part ofx are plotted in Fig. 3, both in the presence
and absence of cross talk. Clearly, the cross talk also sign
cantly changes the dispersion characteristics. The imagina
part ofx corresponds to absorption, as can be seen from E
~10!.

Three gain peaks along with an absorption peak and
central dispersive profile are the clear features of the so
curve in Fig. 2. The dispersive gain aroundv1'v2 is a kind
of stimulated Rayleigh gain, also seen in a driven two-leve
The origin of such dispersive features are known@4,5#, and
lasing based on similar dispersive gain mechanism has be
discussed in the past@26#. The features at the two extremes
will show gain or absorption depending on the pump detun
ing. They appear as dispersive profiles when pump field
tuned to the center ofu2& and u3&, as shown in Fig. 4. The
spectra is symmetric aboutv1250 for this detuning. On the
other hand the two intermediate gain regions depend sign
cantly on the pump Rabi frequency. These gains are ma
mum for uVu'G5F, and disappear for bothuVu@G,F and
uVu!G,F. The gain is observed for bothv12.0 andv12
,0 for a given pump detuning, and this supplements to th
recently observed gain by Brownet al. @27#.

It should be noted that these gains are not because of a
inversion in the bare states. The steady-state population
the three bare states and the ground-state coherence in
absence of probe field is

r11
~0!5

2G2V2

8G418V212G2V21V4
,

r22
~0!5

4G414V21G2V2

8G418V212G2V21V4
,

~12!

FIG. 3. Realx in units ofNudW 13u2/g1\. The common param-
eters areG5V510, g50.1, andD250. The solid curve hasF
510, andf 50.1, and the dashed curve is forF5 f 50.
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PRA 59 743GAIN FROM CROSS TALK AMONG OPTICAL TRANSITIONS
r33
~0!5

4G41V414V22G2V2

8G418V212G2V21V4
,

r23
~0!5

G2~V224G214iV!

8G418V212G2V21V4
,

where we takeF5G, D250, andg51 as in Fig. 2. Com-
paring the numerators, it can be shown from the above
pressions that~i! r33

(0).r11
(0) for all valuesV and ~ii ! r22

(0)

.r11
(0) for V,2G. Note that the coherenceuRe(r23

(0))u is
significant only for the range ofuVu,2G, and is negligible
for V@2G. We show in Sec. III that this coherence can gi
rise to gain.

III. NEW INTERFERENCE EFFECTS

We next analyze the spectra in Fig. 2, and will isolate
new features as due to interference effects arising from c
talk among optical transitions. To see this, we separate
different effects of the probe field on the two transitio
u1&↔u2& and u1&↔u3& by writing r i j

(11)5gs i j 1 f s i j8 and
r i j

(21)5gs j i* 1 f s j i8* . Here we again user i j 5r j i* to write the
latter part, and treatf and g as real. The probe absorptio
coefficienta in this case will be

a5
a0g1

g2
@g2Im~s13!1 f 2Im~s128 !

1 f g Im~s12!1 f g Im~s138 !#, ~13!

where the first two terms correspond toabsorption along
u1&↔u3& andu1&↔u2& transitions. The last two terms corre

FIG. 4. Probe absorption spectra for various values ofV when
the pump field is tuned to the center of statesu2& and u3& (D25
2V/2). The solid curve is forV5G, the dashed curve forV
52G, and the dot-dashed curve forV53G. The parameters are
F5G510 and f 5g50.1. The two intermediate gains appear
dispersive profiles atV52G and forV.2G; these regions show
absorption features. Note that the dispersive profiles at the two
tremes do not show such crucial dependence on the pump
strength.
x-

e
ss
e

spond to aninterferenceamong the probe field along the tw
transitions—a result of cross talk among the two transitio
As observed, this interference term plays a prominent r
for small V, and disappears for largeV. For our numerical
results we separate out the contribution of the directabsorp-
tion term and theinterferenceterm in Eq.~13!. In Fig. 5 we
plot the net absorption coefficient along with the contributi
of absorption and interference terms. Note that the g
peaks aroundv125216.8 and 13.5 areenhancedby the in-
terference. On the other hand, the strong absorptions aro
v125213.3 and 16.6 are almostnullified by the interfer-
ence, though the refractive index~see Fig. 3, especially in the

FIG. 6. Probe absorption for different orientation of probe fie

EW 1 with respect to the pump fieldEW 2 . The solid curve is forf 5
2g, the dashed curve forf 50 ~shifted by20.05 units along theY
axis for clarity!, and the dot-dashed curve forg50. For all the cases

EW 2 is along an axis at 45o to both dW 12 and dW 13. The remaining
parameters are as in Fig. 5.

x-
ld

FIG. 5. Probe absorption spectra forV5G5F510. The inter-
ference term~dot-dashed curve! and the absorption term~dashed
curve!, as in Eq.~13!, are separated to see their individual cont
bution on the net result~solid curve!. The remaining parameters ar
D250 and f 5g50.1, and all parameters are in units ofg.
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744 PRA 59SUNISH MENON AND G. S. AGARWAL
region 17<v12<25) is still large. The interference thu
leads to dispersion enhancement in the region of very
absorption as has been realized earlier by Scully@28# for a
somewhat different model. The interference term is also s
sitive to the relative orientation of the probe and pump fi
polarizations. In Fig. 6 we show the probe absorption
various probe polarizations. When the pump and probe
perpendicular to each other (f 52g), the interference term
will flip to give rise to strong absorption@29#. In Fig. 6 we
also show the result when probe acts only on transit
u1&↔u3& ( f 50) or u1&↔u2& (g50).

The origin of interference can be understood by explic
writing down the equations of density matrix elements a
pearing in Eq.~13!:

ṡ128 52„g11g21 i ~D12V!…s128

1 iFs328 2 iG~s118 2s228 !2 i ~r11
~0!2r22

~0!!,

ṡ1252„g11g21 i ~D12V!…s12

1 iFs322 iG~s112s22!1 ir32
~0! , ~14!

FIG. 7. Probe absorption spectra forV5100. The interference
term~dot-dashed curve! is displaced by20.05 units and the absorp
tion term~dashed curve! by 10.05 units along theY axis for clarity.
The net result is the solid curve. The other parameters are as in
5. Note that the interference contribution is negligible, and o
observes the usual Autler-Townes components atv125V6G for
this set of parameters.
w

n-

r
re

n

-

ṡ1352~g11g21 iD1!s131 iGs23

2 iF ~s112s33!2 i ~r11
~0!2r33

~0!!,

ṡ138 52~g11g21 iD1!s138 1 iGs238 2 iF ~s118 2s338 !1 ir23
~0! .

The behavior of the elements in the interference te
(s12, s138 ) is governed by the zeroth-order coherence
tween statesu2& and u3&, created by the pump field. On th
other hand, the elements in the absorption term depend
the zeroth-order inversion terms.

In order to understand the contribution of the interferen
term in detail, we look at large and intermediate values ofV
as compared to the pump Rabi frequency. A largeV and
smallD2 effectively correspond to the case when the pump
tuned to one transition, and in this case one does not ex
any coherence due to cross talk among transitions. Figu
shows the Autler-Townes components atD152 1

2 (D2

7AD2
214G2). At v125V (D15D2) the figure shows the

transparency point due to coherent population trapping@30#.
Note that the contribution from the interference term is ne
ligible in this case.

For intermediate values ofV, the pump at both the tran
sitions has to be considered, and, depending on the p
detuning, one expects two sets of Autler-Townes com
nents~Fig. 8!. The transparency points will be seen atv12
56V ~at D15D2 andD12V5D21V) as shown in Fig. 9.
The gain for the Autler-Townes components aroundv125
2V is because of the resonant pump fieldG at u1&↔u2&
transition (D250 for Fig. 9!. Also seen in Fig. 9 are Mollow
@1# kind of features aroundv12562G,0, due to the probe
tuning to the same transition to which pump is tuned. In t
case the third effectively nonparticipating level acts like
sink, resulting in very diminished features. These featu
can also be interpreted in terms of Raman and Rayle
peaks due to pump intensities much above the satura
intensity @20#.

For V close to G all the features discussed above a
significant, and they are superimposed over one another.
coherence between statesu2& and u3& also increases due t
cross talk. Thus the interference term plays a dominant
as shown in Fig. 5, giving rise to stimulated emission. IfV is
reduced further, strong absorption and interference feat
are seen aroundv12'A2G. At V50 the interference term
completely cancels the absorption, as shown in Fig. 10. T
transparency is due to the phenomenon of coherent pop
tion trapping~CPT! @30#.

IV. SEMICLASSICAL DRESSED STATES

We examine the impact of the coherence created by c
talk in a dressed basis. In particular, to understand the p

ig.
e

FIG. 8. The two effective 3 levels, depending on the probe detuning for intermediate values ofuVu. Two sets of Autler-Townes
components will be seen depending on which transition the probe is tuned to.
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PRA 59 745GAIN FROM CROSS TALK AMONG OPTICAL TRANSITIONS
ence of pronounced gain features arounduVu5G. We first
ignore all the incoherent terms in Eq.~4!. We can thus work
with the stateuf& of the system given by

uf&5C1~ t !u1&1C2~ t !u2&1C3~ t !u3&. ~15!

Here Ci(t) are the probability amplitudes of the statesu i &,
i 51,2, and 3. For simplicity, we takeD250 and treat the
Rabi frequenciesF andG as real. Substituting Eq.~15! into
the Schro¨dinger equation along with the Hamiltonian~3!
with only the pump field terms, we arrive at the matrix equ
tion

FIG. 9. Probe absorption spectra forV540. The interference
term ~dot-dashed curve! is displaced by20.05, units and the ab
sorption term~dotted curve! is displaced by10.05 units, along the
Y axis for clarity. The net result is the solid curve. The other p
rameters are as in Fig. 5. Note the presence of Autler-Townes c
ponents aroundv1256V, and Mollow-type features~see inset!
aroundv12562G,0.

FIG. 10. Probe absorption spectra forV50. The interference
term ~dot-dashed curve! and the absorption term~dashed curve!
completely cancel each other, giving rise to transparency. The
of the parameters are as in Fig. 5.
-

iĊ5HC, ~16!

whereC andH are 331 and 333 matrices:

C5FC1~ t !

C2~ t !

C3~ t !
G , H5F V 2G 2F

2G V 0

2F 0 0
G . ~17!

The dressed-state analysis involves the evaluation of sta
ary states for the atom plus pump field system. The ma
Hamiltonian in Eq. ~17! can be diagonalized by takin
detuH2Ilu50. This will result in a cubic equation of the
form l31Al21Bl1C50 where A522V,B5V22F2

2G2, and C5VF2. The two extreme roots of the abov
cubic equation are

l652A/36 2
3 A~A223B!cos@ 1

3 cos21~7L !#, ~18!

where L5(27C12A329AB)/2(A223B)3/2, and the third
root isl052A2l12l2 . The dressed levels are schema
cally shown in Fig. 11. In Figs. 12~a! and 12~b!, we plot the
eigenvalues as a function ofV for D250 and 2V/2. For
smallV, l0→0. At V50 the eigenvaluesl6 are symmetri-
cally situated aboutl0 for case~a!, but for case~b! this
symmetry is maintained for the entire range ofV. For large
V eitherl1 or l2 goes to zero, and hence the correspond
eigenstate becomes the ground stateu3&. The two remaining
excited eigenstates gives rise to the Autler-Townes com
nents.

Physically the above eigenvalue analysis means a uni
transformation of the HamiltonianH→SHS† whereS is the
unitary matrix given by

S5F 2Gl1N1 „l1~l12V!2F2
…N1 FGN1

2Gl0N0 „l0~l02V!2F2
…N0 FGN0

2Gl2N2 „l2~l22V!2F2
…N2 FGN2

G ,

~19!

whereNb’s (b50,6) are the normalization factors given b
Nb5@lb

2G21(lb(lb2V)2F2)21F2G2#21/2. Populations
in the three dressed states will be the diagonal elem
rbb5^burub&, where ub& ’s are the three-orthonorma
dressed eigenstates. Explicitly these dressed states are
by

ub&5Nb$FGu3&2Glbu1&1~lb~lb2V!2F2!u2&%.
~20!

-
m-

st

FIG. 11. ~a! The bare states in the rotating frame.~b! The cor-
responding semiclassical dressed states forV.0. The energy in
units of \ is given on the left side of the levels.
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FIG. 12. Eigenvalueslb and the corresponding dressed-state populationsrbb as a function of spacingV. HereG5F510 andD250 for
~a!, while D252V/2 for ~b!. Note that most of the population is in stateu0& for V,2G, giving rise to stimulated emissions, as shown
Fig. 13~b!.
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We evaluate the steady-state population of the three dre
states in the presence of dissipation terms by using Eqs~4!
~without the probe field terms! and~20!. In Figs. 12~a1! and
12~b1!, we plot the steady-state population in the thr
dressed states as a function ofV. For V50 only the state
u0& is occupied due to population trapping but forVÞ0
there is still population inversionfor V,2G, thus giving
rise to the possibility of stimulated emission from stateu0&.
We also plot the population for the symmetric case wh
D252V/2, and note that for this case, population in bo
the dressed statesu1& andu2& are the same for all values o
V. It should be noted that the weight factor for the stateu1&
is small in the stateu0& compared to statesu6& for the range
of V<G, becausel0,G for this range. Thus inversion in
the dressed basis is a reflection of ground-state coher
and noninversion in the bare basis.

The various peaks in the absorption spectrum corresp
to the transitions among the dressed states, and this ca
seen from the quantized dressed-state description wher
pump field is quantized. The classical nature of the la
modes is still preserved by taking mean number of phot
^n& very large, and̂n&@Dn@1, whereDn is the fluctuation
about the mean valuên&. The HamiltonianH0 of the sys-
tem without the interaction term is given by

H05\~W13A111VA22!1\v2~a†a11/2!, ~21!

wherea and a† are the annihilation and creation operato
for the laser mode at frequencyv2 . The uncoupled eigen
ed

e

n

ce

nd
be

the
r
s

states for the above Hamiltonian with positiveV are as
shown in Fig. 13~a!. The two manifoldsM (n21) andM (n)
are shown and their centers have energy separation of\v2 .
The interaction with the field results in the mixing of variou
uncoupled eigenstates in a given manifold, and the eigen
ues for each manifold can be evaluated as done above.
pump field mixing the uncoupled eigenstates of two differe
manifolds can be neglected by invoking the RWA@19#. In a
strict sense, all the atomic variables, the coupling strengthG
and F and the eigenvalues will be different for differen
manifolds, but since we have assumed a laser mode wi
large mean number of photons and a relatively narrow d
tribution, the difference betweenn and n61 can be ne-
glected. The dressed states in a given manifold, sayM (n
21), can be generalized from Eq.~20! by replacing states
u1&, u2&, and u3& by the eigenstates of Eq.~21!, i.e., u1,n
21&, u2,n&, andu3,n& respectively. The sequence of dress
states for two adjacent manifolds are shown in Fig. 13~b!.
Populations in the statesub,n21& and ub,n& can be consid-
ered equal in the semiclassical limit, and a transition amo
these states correspond to the the pump frequencyv2 .

A. Case I: Emission from z0,n‹ states

As shown in Figs. 12~a1! and 12~b1!, the population in
stateu0& is greater than that inu6& for uVu,2G. This gives
rise to the possibility of stimulated emission from stat
u0,n& to statesu6,n21& at probe frequenciesv15v21l0
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FIG. 13. Quantized dressed-state pi
ture: ~a! The uncoupled eigenstates of tw
adjacent manifoldsM (n) and M (n21)
separated by pump photon energyv2(\
51). ~b! The corresponding dressed stat
when coupling is included. The arrows in
dicate various absorption and emissio
processes among the dressed states.
noted in Fig. 5, the interference minimize
the absorption from statesu0,n21&, but
enhances the stimulated emission fro
statesu0,n&.
n
e-
5

ue
n
o
o

ot
o
a

d
t

st
ob
th

s

te.

-

is
-

um

tes.

for

at
m.

ce

.
ive
ese

ng
s

e

2l6 . For V5F5G510 and D250, l1522.46, l0
55.549, andl2528.02. Thus there is a possibility of gai
aroundv125216.9 and 13.5 from the above analytical r
sults, and this is in tune with the numerical result in Fig.
The small discrepancy in the numerical and analytical val
arise because of the inclusion of dissipative terms in the
merical results. Both these gains can be understood phen
enologically in terms of three-photon gain. Two pump ph
tons are absorbed along with the emission of a probe ph
as shown in Fig. 14. We mention that the maximum value
gain at both these points is sensitive to the decay rates
decreases for unequal decay rates~numerical result not
shown!.

Apart from inversion it is the coupling of the dresse
atom with the probe field that governs the enhancemen
gain, and as we see foruVu!G, though there is population
inversion, the coupling strength reduces because the sy
is close to the CPT state. The coupling strength of the pr
field will depend on the induced transition dipoles among
dressed states, given by

dW a,b52NaNblaG$FGdW 131„lb~lb2V!2F2
…dW 12%

3ei ~v21la2lb!t. ~22!

Here the indicesa and b take values 0 and6. The above
expression explains the existence of seven frequencie

FIG. 14. Diagrammatic explanation of the two gain process
The solid ~dotted! arrow corresponds to three-photon gain atv2

1l02l1 (v21l02l2).
.
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which the dipole moment of the dressed atom will oscilla
This explains seven different features atv125la2lb in Fig.
5 ~aroundv12'0,613.5,616.9,630.4). From the above ex
pression it is evident that the gain componentsv21l0
2l6 will have a coupling strength proportional tol0 . As
seen in Figs. 12~a! and 12~b! l0→0 for uVu!G, and hence
the coupling strength reduces in this region. The coupling
absent atV50. For uVu.G, the population inversion re
duces, and as an interplay between these two the optim
gain is observed only arounduVu'G. To clarify the exis-
tence of specific characteristic arounduVu'G further, we
plot one of the gain componentsv125l02l2 as a function
of V in Fig. 15, and compare it with the component atv12
5l22l1 , the transition among extreme dressed sta
Note that the gain features are prominent atuVu'G for
v125l02l2 , and no such special features are seen
probe frequency atv125l22l1 . This validates the point
that stimulated emission fromu0,n& is optimum only around
uVu'G.

B. Case II: Absorption from z0,n21‹ states

In Fig. 5, note that the possibility of strong absorption
v125213.3 and 16.6, is minimized by the interference ter
This corresponds to the probe frequencies atv15v21l6

2l0 @the dotted arrows in Fig. 13~b!#, and we study in detail
the reasons for this kind oftransparency. In Fig. 16 we plot
one of the components,v125l12l0 as a function ofV. As
seen, the strong absorption is nullified by the interferen
term. The net absorption is zero atV50 due to formation of
the CPT state, and continues to remainminimumfor a range
of uVu,2G due to stateu0& being close to a CPT-like state
Physically this can be understood in terms of destruct
interference leading to small dipole matrix elements for th
transitions. This can be seen from expression~22!, where we
see that the frequency component atv21l62l0 will have
an induced dipole moment given by

2N0N6l6G$FGdW 131„l0~l02V!2F2
…dW 12%, ~23!

wherel0(l02V)2F2,0 for all values ofV. This gives
rise to opposite contributions from the dipoles oscillati
alongu1&↔u2& andu1&↔u3& transitions, and the amplitude

s.
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along these transitions hardly differ foruVu<G. For fre-
quency components atv21l02l6 andv21l62l7 , the
dipoles add up in phase becausel6(l62V)2F2.0 for all
values ofV. Thus the net coupling for these components
important for anyV.0. On the other hand, retaining th
pump polarization and taking the probe polarization alo
( ê22 ê3)/A2 ( f 52g), the coupling atv125l62l0 will be
the strongest compared to the other components.

C. Case III: Transition among z6‹ states

The extreme peaks in Fig. 5, the gain peak atv125
230.4, and the absorption peak atv12530.4 arise becaus
of transition among extreme dressed states as shown in
13~b! with dashed lines. They correspond to the probe f
quencies v15v21l62l7 . The gain at v15v21l2

2l1 is because of the small population inversion as see
Fig. 12~a1! at V510. Also note from Figs. 12~a1! and
12~b1! that the population in these extreme states, un
stateu0&, is very sensitive to the pump detuning. The ga
will appear atv125l22l1 for D2.2V/2, and atv12
5l12l2 for D2,2V/2 (V.0). This is because unlike
stateu0& which has a major contribution from coherence d
to cross talk, bothu6& states have crucial contributions fro
optical coherences.

At D252V/2 the plot for eigenvalues in Fig. 12~b!
shows thatl12l05l02l2 , because of the extreme eige
values placed symmetrically aboutl0 for all values ofV.
This explains the presence of very symmetric profiles ab
v1250 in Fig. 4. Also, as shown in Fig. 12~b1! the popula-
tion in the extreme dressed statesu6&, are the same for al
values ofV. This gives rise to the dispersive kind of profile
as noted in Fig. 4 atv125l62l7 due to the transition
among dressed states of equal population. These dispe
profiles can be explained by taking into account the nonse
lar terms in the dressed-state analysis@4,5#. The gain ob-
served here is not because of any inversion, either in dre
states or in bare states, but due to coherence among dre

FIG. 15. Absorption coefficient at various values of probe f
quencies as a function ofV. The solid curve is forv125l0

2l2 , and the dotted curve forv125l22l1 . Other parameters
includeG5F510, g5 f 50.1, andD250.
e
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in
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states@17#. Further, atV52G522D2, the population in all
the three dressed states are equal. This explains the pres
of dispersive profiles even atv1256(l02l1) for this par-
ticular case.

V. CONCLUSIONS

In conclusion we have shown the possibility of both ga
and weak transparency in a drivenL system with closely
spaced ground levels, due to cross talk among optical tra
tions. We have discussed the possibility of additional int
ference effects which enhance the gain atuVu'G,F.
Through a dressed-state description, we have shown tha
origin of gain is due to population inversion among t
dressed states. Further, the weak transparency at ce
probe frequencies is due to weak coupling among dres
states. We have shown the existence of gain for probe-pu
detuning both greater and less than zero for a given pu
detuning, and have also noted the Mollow-type features
pearing in a spectra of driven three-level systems.

Finally, we note that even incoherent vacuum field c
generate coherence within near-degenerate levels with s
ration of the order of decay rates. Under suitable conditio
interference effects can be seen@31,32#, which recently have
led to interesting applications like quenching of spontane
emission@33#, subnatural linewidths, gain without inversio
@34#, phase-dependent line shapes@35#, etc. Effects of such
terms will be analyzed in a future publication.
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- FIG. 16. Absorption coefficient for one of the transparen
components atv125l12l0 as a function ofV. The interference
term ~dot-dashed curve! almost nullifies the absorption~dashed
curve! for a range ofuVu approximately up toG. There is a net
transparency of around 99% in this range. The other parameter
as in Fig. 15.
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